In an attempt to identify chlamydial genes whose native promoters allow them to be expressed in Escherichia coli, we isolated and characterized a chlamydial gene identified by screening a library of chlamydial DNA with antichlamydial antibodies. This gene encodes a 70-kilodalton immunoreactive polypeptide in E. coli hosts. Sequence analysis of the 5' portion of the gene identified its product as the chlamydial homolog of the E. coli ribosomal protein S1. The site of transcription initiation of the mRNA in chlamydiae was determined, and its putative promoter regions were identified. These regions apparently do not function efficiently in E. coli; in vitro transcripts generated by using E. coil RNA polymerase did not start at the authentic chlamydial initiation site. Several in vitro transcripts both larger and smaller than the authentic transcript were seen; presumably, these transcripts result from adventitious promoterlike elements in adjacent chlamydial DNA and may be responsible for the expression of the gene in E. coli.
Chlamydia trachomatis is a procaryotic pathogen which is an obligate intracellular parasite of eucaryotic cells. Human infection with this organism results in a wide variety of ocular and genital disorders which rank among the most prevalent diseases of humans (6, 18) . Despite their considerable medical importance, however, relatively little is known of the molecular basis of chlamydial replication and pathogenesis. Once within host cells, chlamydiae undergo a complex intracellular developmental cycle involving two distinct morphologic forms. The infectious extracellular form, the elementary body (EB), is metabolically inactive but is capable of being bound and taken up by the host. Upon entry into the cell the EBs differentiate into larger, more complex, metabolically active forms known as reticulate bodies. These forms engage in macromolecular synthesis and undergo serial rounds of replication and cell division within the cytoplasmic inclusion body derived from the original endocytic vacuole. At the close of the cycle, progeny reticulate bodies differentiate back into EBs and are released from the cell (1, 19) .
Chlamydial development proceeds according to a strict developmental program which clearly reflects the temporally regulated activation of controlled sets of genes (4, 5, 12, 17) . The molecular basis of this developmentally regulated gene expression is largely undefined, owing chiefly to the lack of convenient systems for gene transfer in this genus and to the paucity of information about the nature of signals which govern chlamydial gene expression. We (3) and others (21) have been examining the promoter elements which regulate the expression of chlamydial genes. Our previous examination of the promoters for the rRNA cistrons of the murine strain of C. trachomatis (mouse pneumonitis [MoPn] strain) indicated that these promoter elements are highly diverged from those of other eubacteria (3) and do not function efficiently in E. coli (J. N. Engel and D. Ganem, unpublished data). Similar conclusions have emerged from analogous * Corresponding author. studies of the gene for the chlamydial major outer membrane protein (21) .
Nonetheless, it remains possible that a subset of chlamydial promoters might function in E. coli; if so, these elements would be of considerable use in the design of shuttle vectors for gene transfer between these genera. In this regard it is noteworthy that many groups have attempted to clone chlamydial antigens in E. coli by using antibodies to screen libraries of chlamydial DNA in bacteriophage vectors which do not supply E. coli expression signals (7, 11, 24) . In general, such searches have yielded many fewer clones than expected, consistent with the view that most chlamydial promoters do not function in E. coli. However, one group (11) utilizing this approach has reported the isolation of genes encoding the biosynthetic enzymes for chlamydial lipopolysaccharides; several other groups have recovered sequences which encode antigens of 70 to 74 kilodaltons (kDa) (7, 13) . The control elements of these genes have not been characterized.
In this paper we present an analysis of a clone of murine C. trachomatis DNA which expressed in E. coli a 70-kDa polypeptide reactive with antichlamydial antibodies; this protein was expressed without the deliberate provision of E. coli expression signals. By mapping the transcript in chlamydiae and determining the DNA sequence of the region 5' to the RNA start site we show that the putative promoter of this gene is somewhat diverged from the standard E. coli sigma-70 consensus sequences. In vitro transcription of the cloned DNA with E. coli RNA polymerase holoenzyme suggests that the expression of this gene in E. coli is due to fortuitous promoterlike elements located in adjacent chlamydial sequences. Sequence analysis of the 5' portion of the coding region of the gene indicates that it likely encodes the chlamydial homolog of the E. coli ribosomal protein S1. MATERIALS Growth of organisms. C. trachomatis MoPn was grown in HeLa or L cells as described previously (17) .
Preparation of chiamydial DNA library. DNA was prepared from MoPn-infected cells as described previously (3) . Total DNA from C. trachomatis MoPn was partially digested with restriction endonuclease EcoRI and ligated to EcoRI-digested phage Xgtwes. Plaques were screened for expression of chlamydial proteins with the Express-Blot assay kit. Basically, the expressed proteins were transferred from the agar plate to a nitrocellulose filter. Antichlamydial antibodies prepared in mice against whole EBs were adsorbed against an E. coli lysate to neutralize cross-reactive antibodies to E. coli proteins; the membrane was then probed with the antibodies. After unbound antibodies were washed away, the bound antibodies were reacted with enzyme-labeled goat antimouse immunoglobulin specific antibodies. Positive plaques were located by detecting enzymatically produced colored spots at the reaction sites.
Gel electrophoresis and immunoblotting. Proteins were prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis from both chlamydiae and E. coli by suspending pelleted cells in Laemmli buffer (8) with 5% 2-mercaptoethanol and 5 mM iodoacetamide and boiling for 3 min. The reduced and alkylated proteins were electrophoresed on 10 or 12% polyacrylamide slab gels. Immunoblotting was by the procedure of Towbin et al. (23) . The nitrocellulose sheets bearing the transferred proteins were treated in the same manner as the nitrocellulose disks described above.
Isolation of RNA. Total RNA was prepared from MoPninfected or uninfected cells at various times during infection by the guanidium thiocyanate method (9) . The details of the procedure have been described previously (3) .
Si nuclease mapping and primer extension. Si nuclease and primer extension experiments were carried out as previously described (3), with the following changes. A 10-p.g sample of plasmid DNA was digested and 5' end labeled, and 105 cpm of end-labeled restriction fragment was annealed to 10 ,ug of chlamydia-infected or uninfected host cell RNA. Nucleic acid preparation and analysis. Standard recombinant DNA methods were used for nucleic acid preparation and analysis (9) . Restriction fragments were subcloned in the Bluescribe plasmid vector (Stratagene, San Diego, Calif. (Fig. 1B) . Deletions of 400 and 900 base pairs bp from the 3' end of pBS14F were generated by cleavage of the insert at its Sall or XbaI sites and a 3' flanking site in the polylinker, followed by religation of the plasmid; these plasmids eliminated any detectable protein product (data not shown). Taken together, these results suggest that the coding region of the 70-kDa gene was localized to the 3' portion of the 4.4-kb EcoRI fragment, presumably traversing its 3' EcoRI site.
Mapping the 5' end of the pBS14F mRNA. A combination of Si nuclease protection and primer extension studies was used to map the 5' end of the pBS14F-directed transcript (Fig. 2) . For Si mapping, DNA from pBS14F was 5' end labeled at the EcoRI site with [a-32P]dATP by T4 polynucleotide kinase, cut with XhoI, and electrophoresed through a polyacrylamide gel. The 3.0-kb XhoI-EcoRI fragment was then eluted. This fragment was hybridized to MoPn-infected or uninfected HeLa cell RNA and digested with Si nuclease. The products of these reactions were electrophoresed through a denaturing gel and detected by autoradiography (Fig. 2, lanes 1 and 2) . The primer for the primer extension studies was generated by 5' end labeling DNA from pBS14F at the same EcoRI site that was labeled in the Si probe and then gel purifying the 0.4-kb SalI-EcoRI fragment. This fragment was hybridized to RNA as described above and extended with avian myeloblastosis virus reverse transcriptase (Fig. 2, lanes 4 and 5) . Identical 600-bp species were seen in both the Si nuclease and primer extension studies (Fig. 2, lanes 1 and 4) . These bands were not seen in control reactions using uninfected HeLa cell RNA (Fig. 2, lanes 2  and 5) . Probes for Si analysis made from restriction fragments outside the 3' protected region did not result in any protected products, indicating that no other transcripts traversed either strand of pBS14F (data not shown). This result was further confirmed by using uniformly labeled S1 probes from both strands of the insert; only the 600-nucleotide protected fragment was detected (data not shown).
The precise transcription initiation site of the 70-kDa gene in chlamydia-infected cells was localized by electrophoresing a sequencing ladder next to the S1 nuclease protection product derived by using as the probe the 0.5-kb XbaI-SalI fragment 5 ' end labeled at the Sall site (Fig. 3) . Three adjacent start sites were identified. These initiation sites are indicated on the sequence in Fig. 6 ; they are 212, 213, and 214 nucleotides upstream of the SalI site.
Temporal pattern of 70-kDa gene transcription. To study the temporal regulation of transcription of the 70-kDa gene, RNA extracted at various times during the chlamydial developmental cycle was assayed for the presence of the 70-kDa gene transcript by primer extension. Attempts to visualize the intact mRNA for the 70-kDa gene product by Northern blotting were unsuccessful, perhaps owing to the low abundance or rapid turnover of this species. The primer for this experiment was identical to that shown for primer extension in Fig. 2 . As can be seen in Fig. 4 , the transcript was first detected at 9 h postinfection and became maximal at 12 to 18 h postinfection; 70-kDa gene transcripts were detected at all subsequent time points. No transcript was detectable very early in infection (7 h postinfection), a time at which some chlamydial protein synthesis is detectable (17) . Perhaps insufficient chlamydial RNA was present at 7 h postinfection to be detected by this method; other transcripts such as the mRNA encoding the major outer membrane protein can be detected at this early time point (J. N. Engel, unpublished observation). Alternatively, it may be that 70-kDa gene transcription requires the prior expression of other chlamydial genes. Consistent with the latter hypothesis is our observation that no 70-kDa mRNA could be detected when the infection was conducted in the presence of chloramphenicol (L. M. Sardinia, unpublished observation).
Mapping transcription initiation in E. coli. The primary question we sought to answer in this study was with HaeIII. Sizes are indicated in kilobases. To the left of the gel are the probes used for the analysis. -, mRNA; *, 5' end label; R, EcoRI; X, XhoI; S, Sail; P'ex, primer extension; S1, S1 nuclease.
that does not deliberately provide these signals. Accordingly, we next asked whether, in E. coli, the 70-kDa protein was expressed using its native chlamydial promoter or whether the synthesis of the protein we detected was the result of readthrough transcription from the vector or adventitious start sites in the chlamydial sequences upstream of the coding region for the 70-kDa protein. Si nuclease protection studies were performed by using total RNA isolated from X2B2-infected E. coli, uninfected E. coli, or E. coli bearing pBS14F; the same Si probe used for mapping the authentic chiamydial transcript (Fig. 3) was used. No unique transcripts (and no 600-bp transcripts) were detected in multiple experiments (data not shown). Several scenarios can be invoked to explain these results. It is possible that the chlamydial mRNA was being rapidly degraded in E. coli or that it was being expressed inefficiently and therefore was present only at very low levels (or both).
Because of the low abundance of the chlamydial transcript in E. coli in vivo, we examined the transcription of the chlamydial template in vitro by using E. coli RNA polymerase holoenzyme. The chlamydial template was pBS14F DNA cleaved with Sal; correct transcription from this template should yield a run-off RNA of 212 nucleotides. No transcript with the expected size was seen (Fig. 5, lane 1) . However, several unique transcripts that were larger or smaller than the expected transcript were detected. Positive controls using the Bluescribe plasmid vector cleaved with either XmnI or ScaI, both of which have sites within the E. coli beta-lactamase gene, yielded transcripts of the correct size (Fig. 5, lanes 2 and 3) , indicating that this system correctly utilized the beta-lactamase promoter.
70 kDa trcript encodes the chlimydal hoolog of ribosomal protein Si. To analyze the sequence of the gene and the region upstream of the start site, we determined the DNA sequence surrounding the 5' end of the gene from position -370 to +576 bp, where +1 indicates nucleotide 1 of the chlamydial mRNA. We arbitrarily chose the 3'-most start site as nucleotide 1 of the mRNA since there appeared to be no difference in the intensity of the bands corresponding to the three initiation sites (see Fig. 3 ). This sequence is displayed in Fig. 6 and shows (4, 5, 12, 17) .
These studies have shown that there are clear differences in the synthetic pattern of chlamydial proteins as the life cycle progresses and that perturbations of this pattern can prevent the completion of this cycle. However, the mechanisms that govern the transcription of such temporally regulated genes have yet to be elucidated. We are seeking to identify and characterize cis-acting elements involved in chlamydial transcription initiation. The mechanism and control of transcription initiation in other procaryotes have been studied in some detail (for reviews, see references 10 and 15). Structural information on promoters in E. coli, including location and sequence homologies, has been gathered, and a consensus sequence has been deduced. We have used this information as a basis for comparison with the data generated in this and other studies.
To identify promoter regions of chlamydial genes which might function in E. coli, we screened a library of chlamydial DNA with antichlamydial antibodies. The screening process yielded few positive clones. Most of the positive clones were physically identical and did not produce a protein product identifiable on a Western blot. The nature of the immunoreactive material produced by these clones is uhclear but may represent carbohydrate or other nonprotein antigens.
The remaining positive clone encodes a 70-kDa protein, presumably representing the chlamydial ribosomal protein S1. The S1 protein in E. coli is composed of an N-terminal domain which binds to 30S ribosomal subunits and a Cterminal domain, tandemly repeated three or four times, which binds to mRNA (22) . Of interest is the finding that the chlamydial gene encodes approximately 30 amino acids at the N terminus that are not found in the E. coli Si protein.
The function of this unique region is presently unknown.
A recombinant E. coli (designated Fl) that expresses a chlamydial protein of similar size has previously been described by Kaul and Wenman (7) . This clone is derived from a human (LGV) strain of C. trachomatis. Southern hybridization of our clone with clone Fl DNA (kindly provided by W. Wenman) displayed no homology even at very low stringency conditions (data not shown), and the two clones annealed to different restriction fragments of MoPn EB genomic DNA in Southern blotting experiments. We conclude that our clone from murine C. trachomatis is not related to the Fl clone of Kaul and Wenman.
The detection of this chlamydial gene appears to be entirely fortuitous since we subsequently demonstrated that the putative chlamydial promoter preceding the coding region was not recognized by the transcriptional machinery of E. coli, despite its good homology at the -10 position with the E. coli S1 promoter. This is in agreement with earlier studies (J. N. Engel ATTAAAAACTTGGATGACTACGTAAGGGAAAGTTTGT IleLysAsnLeuAspAspTyrValArgGluSerLeu 
